L

CcLIVYC-€6

gcr 61 01 g8

"AD-A270 847 NTATION PAGE 1 e e

Qftire ot Mansgement 4nd Budge! Paperwork Reduction Progect (07040 188) wasnington $C 20503

. ) ORT DATE 3. REPORT TYPE AND DATES COVERED
| 8-9-93 Final Report 5/1/90 - 7/31/93/(3\

l ;1‘ il 14120 10 3veraqe | hyur per respOrse (NCIUGING TNE LIME 101 (O 18w 1y tNSLFLCTIONS $€d0. NN P2 sTiNG 04la SOur(ey
’: { ! ' reviewing the - sHetion ot information Send comments r araing thiy Durden estimate or any :Lher aspedt ot ths
il ouragen t> Nashinglon Headauarters Services, Uirectorace for inturmatiun Operations sna Repurty, 1215 Jetterson

4. TITLE AND SUBTITLE S. FUNDING NUMBERS
Optical Frequency Division using an Optical Parametric \dj
Oscillator .

S
Ny

6. AUTHOR(S) AALO3 ~-90-(G-013¥
Dr. Ngai C. Wong

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Research Laboratory of Electronics REPORT NUMBER
Massachusetts Institute of Technology
77 Massachusetts Avenue

Cambridge, MA 02139-4307

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) . .
U.S. Army Research Office RLutt RGENCY y !

P. 0. Box 12211
Research Triangle Park, NC 27709-2211

11. SUPPLEMENTARY NOTES
The view, opinions and/or findings contained in this report are those of the

author(s) and should not be construed as an official Department of the Army
position, policy, or decision, unless so designated by other documentation.

123. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution unlimited.

13. ABSTRACT (Maximum 200 words)

We have pursued a vigorous program of experimental and theoretical research on a
novel method of frequency division based on an optical parametric oscillator (OPO).
We have successfully demonstrated optical frequency division in a nearly degenerate
KTP OPO that is highly efficient and tunable. The difference frequency of the two
subharmonic outputs of the OPO was phase locked to a 12-GHz microwave source
with a residual phase noise spectral density of 0.3 mrad/vHz. More recently the
use of a THz optical frequency comb permitted the OPO to be phase locked at a
difference frequency of 665 GHz. We have studied a number of potential applications
including optical frequency counting for frequency standards and multi-THz optical
frequency comb generation for optical communications.

14. SUBJECT TERMS 15. NUMBER OF PAGES

16. PRICE CODE

17. SECURITY CLASSIFICATION 118. SECURITY CLASSIFICATION [19. SECURITY CLASSIFICATION | 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL
NSN 7540-01-280-5500 Standard Form 298 (Rev 2-89)

PrescriDed by ANSI Std /3918
JUR.1ND




GENERAL INSTRUCTIONS FOR COMPLETING SF 298

The Report Documentation Page (RDP) is used in announcing and cataloging reports. It is important
that this information be consistent with the rest of the report, particularly the cover and title page.
Instructions for filling in each block of the form follow. It is important to stay within the lines to meet

optical scanning requirements.

Block 1 Agency Use Only (Leave blank).

Block 2. Report Date. Full publication date
including day, month, and year, if available (e.g. 1
Jan 88). Must cite at least the year.

Block 3. Type of Report and Dates Covered.
State whether reportisinterim, final, et¢c. If
applicable, enter inclusive report dates (e.g. 10
Jun 87 - 30 Jun 88).

Block 4. Title and Subtitle. Atitle is taken from
the part of the report that provides the most
meaningful and complete information. When a
reportis prepared in more than one volume,
repeat the primary title, add volurne number, and
include subtitle for the specific volume. On
classified documents enter the title classification
in parentheses.

Block 5. Funding Numbers. Toinclude contract
and grant numbers; may include program
element number(s), project number(s), task
number(s), and work unit number(s). Use the
following labels:

C - Contract PR - Project

G - Grant TA - Task

PE - Program WU - Work Unit
Element Accession No.

Block 6. Author(s). Name(s) of person(s)
responsible for writing the report, performing
the research, or credited with the content of the
report. |f editor or compiler, this should follow
the name(s).

Block 7. Performing Organization Name(s) and
Address(es). Self-explanatory.

Block 8. Performing Organization Report
Number. Enter the unique alphanumeric report
number(s) assigned by the organization
performing the report.

Block 9. Sponsoring/Monitoring Agency Name(s)

and _Address(es). Self-explanatory.

Block 10. Sponsoring/Monitoring Agency
Report Number. (If known)

Block 11. Supplementary Notes. Enter
information not included elsewhere such as:
Prepared in rooperation with__; Trans. of...; To be
published in.... When a reportis revised, include
a statement whether the new report supersedes
or supplements the older report.

Block 12a. Distribution/Availability Statement.
Denotes public avaitability or limitations. Cite any
availability to the public. Enter additional
limitations or special markings in all capitals (e.g.
NOFORN, REL, ITAR).

DOD - See DoDD 5230.24, "Distribution
Statements on Technical
Documents.”

DOE - See authorities.

NASA - See Handbook NHB 2200.2.

NTIS - Leaveblank.

Block 12b. Distribution Code.

DOD - Leaveblank.

DOE - Enter DOE distribution categories
from the Standard Distribution for
Unclassifiec scientific and Technical
Reports.

NASA - Leave blank.

NTIS - Leave blank.

Block 13. Abstract. Include a brief (Maximum
200 words) factual summary of the most
significant information contained in the report.

Block 14. Subject Terms. Keywords or phrases
identifying major subjects in the report.

Block 15. Number of Pages. Enter the total
number of pages.

Block 16. Price Code. Enter appropriate price
code (NTIS only).

Blocks 17.-19. Security Classifications. Seif-
explanatory. Enter U.S. Security Classification in
accordance with U.S. Security Regulations (i.e.,
UNCLASSIFIED). if form contains classified
information, stamp classification on the top and
bottom of the page.

Block 20. Limitation of Abstract. This block must
be completed to assign a limitation to the
abstract. Enter either UL (unlimited) or SAR (same
asreport). Anentry in this block is necessary if
the abstractis to be limited. If blank, the abstract
is assumed to be unlimited.

Standard Form 298 Back (Rev. 2-89)




FINAL REPORT

Optical Frequency Division using an Optical Parametric
Oscillator

U. S. Army Research Office
Grant DAAL03-90-G-0128

Covering the Period
May 1, 1990 - July 31, 1993

prsses ter

NS wiscs 6y

)Dr:c: R il
Submitted by ; U...j.‘r',(,;v;_,j,v:g‘ “_j

Ngai C. Wong

Principal Investigator

August 6, 1993

Research Laboratory of Electronics
Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

—— e

By .

Dist

A

LD:-:,trEffu‘:i:':.l,f
| Auzidabiiicy o

DTIC ATH/.27T7 777" TOTRD 8




Contents
1 Statement of Work

2 Research Summary
2.1 Phase-locked Optical Parametric Oscillator . . . . ... ... .....
2.2 Optical Frequency Counting and Synthesis . . . . . ... ... .. ..
2.3 Other Applications . . . . ... .. ... ... ...,

References . . . . . . . .. .. . i i e
3 Personnel
4 List of Publications
5 List of Meeting Presentations

6 Patents and Patent Applications Pending

S e e W W

11




1 Statement of Work

A novel method of optical frequency division has been proposed based on optical para-
metric oscillation in a noniinear crystal. The scheme converts with high efficiency an
input pump into two intense, coherent subharmonic outputs whose frequencies are
tunable and whose sum frequency equals the pump frequency. By locking the differ-
ence frequency of the outputs to a microwave frequency source, the output frequencies
are precisely determined, and the optical parametric oscillator (OPO) functions as a
frequency divider. OPO-dividers can be operated in series or in parallel to measure,
compare, and synthesize frequencies from optical to microwave, with high precision
and resolution. Potential applications of OPO-dividers include optical frequency stan-
dards, precision measurements, fiber-based and satellite optical communications. The
main focus of this work has been to demonstrate a working optical frequency divider

and apply it to the precise measurement and comparison of optical frequencies.




2 Research Summary

Under ARO Grant DAAL03-90-G-0128 “Optical Frequency Division using an Optical
Parametric Oscillator,” we have pursued a vigorous program of experimental and the-
oretical research on optical frequency division and its applications. In this final report
on that grant we shall only summarize the principal results that we have obtained.
Complete details can be found in the journal articles and meeting presentations that

have been produced during the course of our research program.

2.1 Phase-locked Optical Parametric Oscillator

We have developed a cw optical parametric oscillator (OPO) that is highly stable
and tunable over several THz [1, 2]. Continuous frequency tuning capability was
enabled by fast electro-optic tuning and slow thermal tuning. Single-mode operation
was obtained even in the free-running mode due to improved mechanical stability
of our OPO cavity. We reported in [1, 2] the first demonstration of tunable optical
frequency division based on optical parametric oscillation [3]. The signal-idler beat
frequency of our potassium titanyl phosphate (KTP) OPO was phase locked to a
12-GHz microwave frequency source with excellent signal-to-noise ratio. The residual
phase noise was measured to have a power spectral density of ~0.3 mrad/vHz. Be-
cause the beat frequency was controlled by a frequency synthesizer, the phase-locked
outputs could be frequency tuned precisely.

More recently, we have achieved phase locking of our KTP OPO at a difference
frequency of 665 GHz [4]. This was accomplished by generating a 2-THz optical
frequency comb from the idler input and phase locking the beat between the signal
and the 39th sideband of the comb. The optical frequency comb was obtained using

a resonant electro-optic modulator driven with a 17-GHz modulation source. This




high-frequency capability makes possible precision difference-frequency measurements
in the THz range. Also, the OPO can be used as a dual-frequency tunable optical

source for the optical generation of terahertz radiation.

2.2 Optical Frequency Counting and Synthesis

In [5] we have proposed a new method of performing high-precision, high-accuracy op-
tical frequency counting and synthesis fron the UV to the near-IR. The basic concept
is to phase lock a parallel array of OPO frequency dividers to form an ultrawide-span
optical frequency comb. By generating the subharmonic frequencies (2/3)f, and
(1/2) f,, where f, is the pump frequency, and measuring their frequency spacing with
additional OPQ’s, the entire frequency comb can be calibrated relative to the cesium
microwave frequency standard. As a result any optical frequency within this opti-
cal frequency comb can be measured using a single apparatus with accuracy limited
only by the cesium clock. This is potentially useful for optical frequency standards,
ultrahigh precision measurements, space-based optical communication networks such

as global positioning system (GPS).
2.3 Other Applications

We explored in [6] the use of a smaller parallel array of OPQO’s to form an optical
frequency comb with a span of 10 THz or more in the 1.55-¢m optical communication
window of silica-based optical fibers. It can be used in a dense coherent optical
communication architecture in which a central node of a network distributes and
maintains thousands of channel frequencies and their re-use. By locking one of the
comb frequencies or the pump frequency to an atomic frequency reference, the entire

frequency comb is calibrated and the high accuracy of the comb should make it




possible to create a densely packed network, thus increasing its capacity.

We have also investigated the use of a dual-cavity OPO for the detection of gravity
waves [7]. By using an OPO in which the signal and idler beams are internally
separated to traverse orthogonal optical paths and measuring the phase of their beat
frequency, we have shown that it has the same sensitivity of the usual laser-based
gravity wave antenna. The nonresonant nature of parametric oscillation in a nonlinear
crystal implies that the system can have very low losses and a very high cavity finesse
can be maintained. Heterodyne measurements reduce the effects of certain technical
noise sources that have a high noise content at low frequencies. Also, the sensitivity
of the OPO phase noise on the pump laser phase noise is found to be much reduced
and therefore the pump laser frequency stability requirement is less severe. A less
ambitious application for a dual-cavity OPO is that of a high sensitivity strain gauge

for measuring differential length variations.
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